The effects of temperature and copper catalyst concentration on the formation of graphene-encapsulated copper nanoparticles (GECNs) were investigated by means of X-ray diffraction, Fourier transform infrared spectroscopy-attenuated total reflectance, and transmission electron microscopy. Results showed that higher amounts of copper atoms facilitated the growth of more graphene islands and formed smaller size GECNs. A copper catalyst facilitated the decomposition of lignin at the lowest temperature studied (600 • C). Increasing the temperature up to 1000 • C retarded the degradation process, while assisting the reconfiguration of the defective sites of the graphene layers, thus producing higher-quality GECNs.
Introduction
Graphene-encapsulated copper nanoparticles (GECNs) have been extensively studied in the last decades because of their noble physical and chemical properties [1] . The core-shell structure GECNs enables its application in harsh environments because the graphene shell structure prevents oxidation of copper nanoparticles. Potential applications for GECNs are in wood and wood-based composite for their fungus and insect protection [2] , electrical engineering [3] , biomedical industry [4] , etc. GECNs have been synthesized via many processes, including chemical vapor deposition (CVD) [5] . However, the formed graphene layers still have defects, and efforts have been made to improve the quality of the graphene structure. Epitaxial growth of graphene under a hydrogen gas environment showed an impressive improvement in graphene structure quality [6] . Hydrogen firstly helps to build an active surface of carbon, which is crucial for the subsequent graphene growth. Hydrogen also acts as an etching agent to eliminate defective sites and facilitates the growth of large-scale graphene [7] . Surface pretreatment can eliminate high protrusions and produce a smooth surface of the substrate and restore the defects of the substrate [8, 9] . Surface pretreatment can also help dissolve the native oxide and passivate the substrate surface during graphitization [10] .
Introducing a physical barrier is another effective way to improve the graphene layer structure quality. The idea situation is that carbon atoms start to grow into graphene right after the maximum process temperature is reached. Introducing an Al 2 O 3 barrier between carbon source and metal catalyst retards the carbon diffusion process and reduces the pre-growth of graphene before reaching the maximum process temperature. The onset of growth is at a higher temperature when the thickness of the Al 2 O 3 barrier is larger [11] .
The configuration of heating chamber and the placement of metal catalysts also affect graphene growth. The one-end-close configuration restricts the carbon gas flow and consequently generates homogeneous graphene. The placement of metal catalyst affects the concentration of trapped carbon gas and subsequently determines the number of graphene layers formed [12] . The quality of the graphene structure can also be improved by controlling the concentration of carbon sources and reducing the cooling rate during CVD synthesis [13] . The concentration of carbon sources is proportionally related to the number of graphene layers formed. Reducing the cooling rate largely decreases the nucleation sites of graphene and makes it possible to grow large domains of graphene.
The synthesis of GECNs has been explained by different mechanisms. Recently, scientists have been inclined toward the dissolution-precipitation theory for metals with a large dissolution capacity for carbon, and toward the self-limiting theory for metals with a poor dissolution capacity for carbon, such as copper [14] .
Polymers such as poly (methyl methacrylate) (PMMA), fluorine (C 13 H 10 ), and sucrose (C 12 H 22 O 11 ) can be solid carbon sources [15] for synthesizing GECNs. Limited literature was found related to the study of various factors on the formation of GECNs using lignin as a carbon source. Lignin is a byproduct from the pulp and paper industries and contains more than 60% carbon. Approximately 70 million tons of lignin are produced every year [16] , mainly used as fuel. Lignin has many potential value-added applications, including the manufacture of carbon fibers and graphene [17] .
It is known that the GECN properties such as surface morphology, structure, and crystallinity can be affected by many factors including the concentration of the copper catalyst [18] and the temperature [19] . However, the effect of the concentration of a copper catalyst on the GECN size distribution is unclear. Our previous study results [20] indicated that the formation of graphene layers surrounding copper nanoparticles can start at 400 • C. Copper nanoparticles were incompletely to near-completely shelled by graphene layers as temperature increased from 300 • C to 500 • C, and the graphene layers were formed by the self-limiting mechanism. This paper reports our continuing study on the effects of higher temperature levels (600-1000 • C) and the weight ratio of copper-to-lignin on GECN properties. In this study, the role that copper atoms play in the growth of graphene layers and the size distribution of GECNs was investigated. The relationships between temperature, the lignin degradation process, and the reconstruction of the graphene layers are also discussed here.
Materials and Methods

Materials
Deionized water purified BioChoice Lignin (BCL-DI) (Domtar Corp., Plymouth, NC, USA) was used as the carbon source. The metal catalyst, copper sulfate pentahydrate (CuSO 4 ·5H 2 O), and nitric acid (HNO 3 ) for purification were procured from Sigma-Aldrich.
Experimental Design
Experiment #1 was a 3 × 2 factorial experiment with three replicates per combination to evaluate temperature effects on the crystallinity of formed GECNs. The two factors were temperature (600, 800, and 1000 • C) and copper-to-lignin weight (oven-dried) ratio (0:1 and 1:4). The second experiment evaluated the copper lignin weight ratio effect (1:1, 1:2, and 1:4) at 1000 • C on the crystallinity of GECNs.
Precursor Mixing
All Cu-lignin samples were mixed using the following procedure: 3.9 g of CuSO 4 ·5H 2 O (1 part of Cu by weight) and 12 g of BCL-DI (4 parts of lignin by weight) were first dispersed in distilled water, then heated at 80 • C, and stirred for 12 h followed by 24 h oven drying at 103 • C. Finally, the dried Cu-lignin mixture was ground well in an agate mortar before thermal treatment.
Thermal Treatment
Two porcelain boats, each holding 1.5 g of Cu-lignin mixture, were placed into the heating area of a 50 mm diameter, an 810 mm long quartz tube electric furnace (Lindberg/Blue M 1200) (Thermo Scientific™, Pittsburgh, PA, USA) equipped with a temperature controller (Lindberg/Blue UTC 150). Before heating, the air in the system was excluded by flowing argon gas for 15 min at a flow rate of 1800 standard cubic centimeter per minute (sccm). Then, temperature was raised to the target temperature level at a ramping rate of 20 • C/min and held at that temperature for 30 min. The heated Cu-lignin sample was cooled down naturally to ambient temperature under an argon atmosphere, and then transferred to a desiccator over CaCl 2 . The final weight of each sample was recorded, and its yield was calculated.
Characterization
All thermally treated Cu-lignin samples were purified with 20% HNO 3 before characterization. For each trial, 0.5 g of GECNs was dispersed into 30 mL 20% HNO 3 solution in a 125 mL of conical flask. The suspension was then heated up to the boiling point and kept boiling and stirring for 30 min. The suspension was filtered by a membrane (pore size: 0.45 µm) (VWR, Radnor, PA, USA) and rinsed with 550 mL of deionized water. The residue was dried in the oven at 60 • C for 6 h and then 103 • C overnight, weighed again, and stored in a glass vial for characterization.
X-ray diffraction (XRD) spectra was obtained from the X-ray diffractometer (Rigaku SmartLab, The Woodlands, TX, USA) utilizing Cu Kα radiation (λ = 1.5418 Å). The scanning range was from 10 • to 90 • , with a scan speed of 1 • /min. Fourier Transform Infra-red Spectroscopy (FTIR) spectra of the powder samples were obtained using Thermo Scientific™ Nicolet™ iS™50 FT-IR Spectrometer (attenuated total reflection (ATR) probe). The spectra were recorded with 64 scans in the range of 4000-400 cm −1 and a resolution of 4 cm −1 . High-resolution transmission electron microscopy (HRTEM) characterization was completed on a JOEL JEM-2100F. First, the sample was dispersed into acetone and sonicated for 15 min. One drop of the suspension was then dripped onto a 300 mesh copper grid with lacey carbon film (Agar Scientific) and air-dried overnight before characterization. The size distribution of nanoparticles was analyzed with the ImageJ software [21] .
Statistical Analysis
A two-factor analysis of variance (ANOVA) general linear model (GLM) procedure was performed for Experiment #1 data to analyze the significances of two main effects and their interactions on carbonization yield. The protected least significant difference (LSD) multiple comparison procedure was performed to Experiment #2 data to analyze Cu-to-lignin weight ratio effects on carbonization yield and GECNs' sizes. All statistical analyses were performed at the 5% significance level using SAS version 9.2 software (SAS, Cary, NC, USA).
Results and Discussion
The carbonization yield of each thermally treated sample was estimated by the following equation based on two assumptions: (1) there was no chemical reaction during the mixing of lignin and copper sulfate, and (2) copper element kept the same weight during the carbonization process, while sulfur and oxygen in gaseous forms were excluded from the system.
where m ma represents boat and sample mass after thermal treatment, m b represents boat mass, m mb represents boat and sample mass before thermal treatment, and 64/416 and 256/416 represent fractions of copper and carbon source in the mixture, respectively. Table 1 summarizes mean carbonization yields of thermally treated samples with lignin alone and Cu-lignin mixture samples. The ANOVA results of Experiment #1 indicated that the two-factor interaction was not significant. Therefore, the main effect mean comparisons indicated that Cu-lignin mixtures had significantly higher carbonization yields than samples of lignin alone, which might imply that copper was not only decomposed the lignin, but also kept carbon in the mixture by forming graphene layers. This observation was supported by FTIR spectra (Figure 1) , which indicated that when the Cu-lignin mixture was heated at 600 • C (Figure 1a ), there were traceable oxygen-containing groups in the fingerprint region indicated by the aromatic C=O bond at 1700 cm −1 and the C-O-C bond at 1050 cm −1 [20] ; however, weaker peak intensities of oxygen-containing groups were detected for pure BCL-DI lignin. These indicated that a faster degradation of BCL-DI lignin occurred and resulted in lower carbonization yields, while the addition of copper retarded the degradation process, i.e., a lower amount of lignin was decomposed into gases, thus resulting in higher carbonization yields. As temperature further increased to 800 • C and 1000 • C, there was no sign of function groups detected in the fingerprint area for pure BCL-DI lignin samples (Figure 1b,c) . Peaks could be located around 1600 cm −1 and 1000 cm −1 for Cu-lignin samples, which indicated that graphene layers were detected. Both samples with lignin only and Cu-lignin mixture samples heated at 600 • C had significantly higher carbonization yields than 800 • C, followed by 1000 • C, which had the same trend as reported by Kim's group [22] . might imply that copper was not only decomposed the lignin, but also kept carbon in the mixture by forming graphene layers. This observation was supported by FTIR spectra (Figure 1) , which indicated that when the Cu-lignin mixture was heated at 600 °C (Figure 1a ), there were traceable oxygen-containing groups in the fingerprint region indicated by the aromatic C=O bond at 1700 cm −1 and the C-O-C bond at 1050 cm −1 [20] ; however, weaker peak intensities of oxygen-containing groups were detected for pure BCL-DI lignin. These indicated that a faster degradation of BCL-DI lignin occurred and resulted in lower carbonization yields, while the addition of copper retarded the degradation process, i.e., a lower amount of lignin was decomposed into gases, thus resulting in higher carbonization yields. As temperature further increased to 800 °C and 1000 °C, there was no sign of function groups detected in the fingerprint area for pure BCL-DI lignin samples (Figure 1b,c) . Peaks could be located around 1600 cm −1 and 1000 cm −1 for Cu-lignin samples, which indicated that graphene layers were detected. Both samples with lignin only and Cu-lignin mixture samples heated at 600 °C had significantly higher carbonization yields than 800 °C, followed by 1000 °C, which had the same trend as reported by Kim's group [22] . LSD mean comparisons of yields in Experiment #2 indicated that the Cu-lignin mixture at a weight ratio of 1:4 had a significantly higher carbonization yield than the one of 1:2, followed by 1:1. This is the same trend as reported previously [23] . The reason was that more copper enabled a higher amount of lignin to be oxidized into carbonaceous gases vaporizing during the redox process of reducing copper ions to atoms and rendering the loss of carbon material. Figure 2 shows the XRD spectra of samples with two different Cu-to-lignin weight ratios treated at 1000 °C. The thermally treated sample with a higher Cu-to-lignin weight ratio of 1:1 had much higher intensity peaks at Cu (111), Cu (200), and Cu (220), respectively, than those with a lower Cu-to-lignin ratio of 1:4. In addition, the sample with a higher copper concentration had a sharp Cu2O peak, which was not found in that with a lower copper concentration. These indicated that a higher Cu-to-lignin weight ratio of 1:1 resulted in extra copper atoms uncovered by graphene layers and oxidized during HNO3 purification [12] . This implies that there is an optimum Cu-to-lignin weight ratio that will cause all copper nanoparticles to be shelled by graphene layers. LSD mean comparisons of yields in Experiment #2 indicated that the Cu-lignin mixture at a weight ratio of 1:4 had a significantly higher carbonization yield than the one of 1:2, followed by 1:1. This is the same trend as reported previously [23] . The reason was that more copper enabled a higher amount of lignin to be oxidized into carbonaceous gases vaporizing during the redox process of reducing copper ions to atoms and rendering the loss of carbon material. Figure 2 shows the XRD spectra of samples with two different Cu-to-lignin weight ratios treated at 1000 • C. The thermally treated sample with a higher Cu-to-lignin weight ratio of 1:1 had much higher intensity peaks at Cu (111), Cu (200), and Cu (220), respectively, than those with a lower Cu-to-lignin ratio of 1:4. In addition, the sample with a higher copper concentration had a sharp Cu 2 O peak, which was not found in that with a lower copper concentration. These indicated that a higher Cu-to-lignin weight ratio of 1:1 resulted in extra copper atoms uncovered by graphene layers and oxidized during HNO 3 purification [12] . This implies that there is an optimum Cu-to-lignin weight ratio that will cause all copper nanoparticles to be shelled by graphene layers. Typically, the sharper the graphite peak appears on a material XRD spectrum, the higher the crystallinity is [24] . However, the shape of the graphite peak is dependent on the copper element intensity. The graphite peaks around 2θ = 24° ( Figure 2) were still obvious compared to the high intensity of copper peaks, indicating that the graphite crystallinity of a higher Cu-to-lignin weight ratio was higher than the one with a lower weight ratio. This would be explained by the fact that the graphite peak can barely be detected in the XRD spectra because of the synergistic effect of the low crystallinity of graphite and the high intensity of the catalyst peak [25] if there is a limited amount of graphite in the sample.
HRTEM images (Figure 3 ) illustrate uniformly distributed GECNs with three different Cu-to-lignin weight ratios evaluated at 1000 °C. These GECNs' diameters averaged 8.41 nm, 11.81 nm, and 1.54 nm with a coefficient of variation of 25.2%, 45.3%, and 22.5% for Cu-to-lignin weight ratios of 1:4, 1:2, and 1:1, respectively. Mean comparisons indicated that there were significant differences among three particle sizes. The particle size decreased significantly when the weight ratio increased from 1:2 to 1:1, while the particle diameter increased significantly when the weight ratio increased from 1:4 to 1:2. The particle size's downward trend was similar to the observation from the study of mixing poly (vinyl alcohol) with iron citrate, with an iron-to-carbon weight ratio increasing up to 7:9 [23] , and from another study wherein ferrocene and aromatic heavy oil was mixed with a ferrocene-to-oil weight ratio increasing up to 7:20 [26] . However, the extent of size decline was lower than the one with copper because iron has a carbon solubility much higher than copper, which can prevent carbon from effectively acting as a barrier to prevent the agglomeration of iron nanoparticles [27] . Hypothetically, larger amounts of copper atoms provide more nucleation sites, catalytically facilitating more graphene growth islands and the subsequent formation of smaller size particles. This hypothesis was different from the one in another study using graphene oxide to synthesize Fe3O4 nanoparticles [28] , which proposed that the nucleation sites provided by the graphene oxide were constant. A possible reason was that the redox reaction occurred when lignin was used instead of graphene oxide, causing the nucleation mechanism to be different. Further study needs to be conducted to verify our hypothesis. Typically, the sharper the graphite peak appears on a material XRD spectrum, the higher the crystallinity is [24] . However, the shape of the graphite peak is dependent on the copper element intensity. The graphite peaks around 2θ = 24 • (Figure 2 ) were still obvious compared to the high intensity of copper peaks, indicating that the graphite crystallinity of a higher Cu-to-lignin weight ratio was higher than the one with a lower weight ratio. This would be explained by the fact that the graphite peak can barely be detected in the XRD spectra because of the synergistic effect of the low crystallinity of graphite and the high intensity of the catalyst peak [25] if there is a limited amount of graphite in the sample.
HRTEM images (Figure 3 ) illustrate uniformly distributed GECNs with three different Cu-to-lignin weight ratios evaluated at 1000 • C. These GECNs' diameters averaged 8.41 nm, 11.81 nm, and 1.54 nm with a coefficient of variation of 25.2%, 45.3%, and 22.5% for Cu-to-lignin weight ratios of 1:4, 1:2, and 1:1, respectively. Mean comparisons indicated that there were significant differences among three particle sizes. The particle size decreased significantly when the weight ratio increased from 1:2 to 1:1, while the particle diameter increased significantly when the weight ratio increased from 1:4 to 1:2. The particle size's downward trend was similar to the observation from the study of mixing poly (vinyl alcohol) with iron citrate, with an iron-to-carbon weight ratio increasing up to 7:9 [23] , and from another study wherein ferrocene and aromatic heavy oil was mixed with a ferrocene-to-oil weight ratio increasing up to 7:20 [26] . However, the extent of size decline was lower than the one with copper because iron has a carbon solubility much higher than copper, which can prevent carbon from effectively acting as a barrier to prevent the agglomeration of iron nanoparticles [27] . Hypothetically, larger amounts of copper atoms provide more nucleation sites, catalytically facilitating more graphene growth islands and the subsequent formation of smaller size particles. This hypothesis was different from the one in another study using graphene oxide to synthesize Fe 3 O 4 nanoparticles [28] , which proposed that the nucleation sites provided by the graphene oxide were constant. A possible reason was that the redox reaction occurred when lignin was used instead of graphene oxide, causing the nucleation mechanism to be different. Further study needs to be conducted to verify our hypothesis. Our previous study [20] showed that the onset of growth of the graphene layer occurred at above 300 °C, and the GECNs formed at lower temperatures (<600 °C) had less than five graphene layers shelling copper nanoparticles, but there were still functional groups observed at 600 °C (Figure 1a) , which indicated the existence of defects on graphene layers [29] . Experiment #1 indicated that increasing the temperature from 600 °C to 1000 °C did not increase the number of graphene layers due to the self-limiting synthesis mechanism. However, the crystallinity of graphene layers was improved with a superior layer structure (inset of Figure 3a) . The disappearance of functional groups at 800 °C and 1000 °C (Figure 1b,c) also indicated that the structure of the graphene layers was superior because only the carbon network existed in the system, without interruptions by non-carbon atoms [29] . There must be a reconstruction of defective graphene layers Our previous study [20] showed that the onset of growth of the graphene layer occurred at above 300 • C, and the GECNs formed at lower temperatures (<600 • C) had less than five graphene layers shelling copper nanoparticles, but there were still functional groups observed at 600 • C (Figure 1a) , which indicated the existence of defects on graphene layers [29] . Experiment #1 indicated that increasing the temperature from 600 • C to 1000 • C did not increase the number of graphene layers due to the self-limiting synthesis mechanism. However, the crystallinity of graphene layers was improved with a superior layer structure (inset of Figure 3a) . The disappearance of functional groups at 800 • C and 1000 • C (Figure 1b,c) also indicated that the structure of the graphene layers was superior because only the carbon network existed in the system, without interruptions by non-carbon atoms [29] . There must be a reconstruction of defective graphene layers and a reconfiguration of carbon atoms. Larger graphene domains were formed [29] , and a higher GECN crystallinity was obtained. At a high temperature (1000 • C), the amorphous carbon can even be converted into graphene without the help of a copper catalyst [15, 18, 30] .
Conclusions
The effect of the process temperature and the copper catalyst concentration on the synthesis of GECNs was investigated. The carbonization yield of the Cu-lignin mixture was higher than that of the pure lignin when the copper concentration was less than 50%. For samples treated at 1000 • C, the carbonization yield decreased with the increase in copper concentration. The crystallinity of graphite for the Cu-lignin mixture with higher concentrations of copper was higher than that with lower concentration of copper. Larger amounts of copper atoms facilitated the growth of more graphene islands and formed smaller size particles. The copper catalyst retarded the degradation of lignin at temperatures ranging from 600 • C to 1000 • C while assisting the reconfiguration of the defective sites of the graphene layers, producing high crystalline graphene structures shelling copper nanoparticles.
